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Selective Synthesis of
Fluorine-Containing Cyclic b-Amino
Acid Scaffolds
Lora´nd Kiss*[a] and Ferenc Fu¨lo¨p[a, b]
Abstract: Fluorine-containing organic molecules have generated increasing impact in drug
research over the past decade. Their preparation and development of novel synthetic methods
towards new types of fluorinated molecules among them of b-amino acid derivatives has received
large interest. Our research group have designed various highly selective and stereocontrolled
methods for the construction of fluorine-containing cyclic b-amino acid derivatives. The
synthetic approaches developed for the synthesis of various pharmacologically interesting cyclic
b-amino acid derivatives as monomers with multiple stereogenic centers might be valuable
protocols for the access of other classes of organic compounds.
Keywords: amino acids, fluorine, stereocontrol, selectivity, cyclic compounds
1. Introduction
The syntheses, transformations and various applications of
cyclic b-amino acids have become a hot topic in organic and
medicinal chemistry over the past two decades. Alicyclic and
heterocyclic b-amino acids are key moieties of many bioactive
natural and synthetic compounds as well as precursors of
biologically active b-lactams. Some representative derivatives,
which belong to this area, such as cispentacin, tilidin, oxetin,
oryzoxymicin or icofungipen are important small molecules
(Figure 1)[1a] and they are known to be antibacterial and
antifungal agents. Conformationally restricted cyclic b-amino
acids may function as building elements in the synthesis of
novel bioactive peptides. Furthermore, enantiomerically pure
b-amino acids and their derivatives are used as chiral
auxiliaries or chiral building blocks in asymmetric synthesis.[1]
Cyclic b-amino acids have received significance not only
as small molecular entities, but also as key components of
many bioactive molecules with complex structures such as
antibiotics, antitumoral agents, cardioprotective products or
antiviral agents. Representative compounds of this field are
amypurimicin, chryscandin, blasticidine possessing a carbocy-
clic or O-heterocyclic b-amino acid component.[1a,g] N-
Heterocyclic b-amino acids are elements incorporated into
some antiviral products.[1a]
Fluorine chemistry is a research area developing inten-
sively, which has attracted increasing interest in recent years
because of the impact of fluorinated molecules in drug
discovery research. As a result of the special characteristics of
the fluorine atom and the carbon–fluorine bond, exchange of
a hydrogen atom or a functional group for fluorine may
generate remarkable changes in biological properties. 25 % of
the drugs introduced nowadays into the market contain at
least one fluorine atom. It is expected that this number will
certainly increase for years to come.[2] Note, however, that
fluorinated organic molecules are very rare in nature.[2]
Fluorinated amino acids exhibit a series of valuable
biological properties. Some of them are known as antitumoral
agents, antibiotics, and they are also elements of bioactive
peptides. Many mono-, di- or trifluorinated a- or g-amino
acids as well as fluorinated acyclic b-amino acid derivatives
have been synthetized.[3] Consequently, it seems somewhat
surprising that only a few fluorine-containing cyclic b-amino
acid derivatives are known in the literature so far.[4] Therefore,
the combination of cyclic b-amino acid and fluorine
chemistry with regard to the access of polyfunctionalized
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building blocks with multiple chiral centers undoubtedly
represent an increasing interest in synthetic organic chemistry
and biochemistry.
Our aim in the current account is to present synthetic
strategies, known in the literature, for the preparation of
fluorinated cyclic b-amino acid derivatives with extracyclic
location of the amino and carboxylate groups. The two main
approaches that will be considered here are
a) the late-stage direct fluorination protocol based on
hydroxy/fluorine or oxo/difluorine exchange, and
b) the usage of fluorine-containing building blocks.
The account is constructed and discussed according to the
following sections:
(i) Synthesis of fluorine-containing b-amino acid derivatives
through hydroxy-fluorine/oxo-difluorine interconversion
(a) Synthesis of fluorine-containing cyclic b-amino acid
derivatives through regio- and stereoselective iodolactoni-
zation
(b) Synthesis of fluorine-containing cyclic b-amino acid
derivatives through regio- and stereoselective iodooxazine
or iodooxazoline formation
(c) Synthesis of fluorine-containing cyclic b-amino acid
derivatives through stereoselective epoxidation and regio-
selective oxirane opening
(d) Synthesis of fluorine-containing cyclic b-amino acid
derivatives through stereoselective aziridination and
regioselective aziridine opening with fluoride
(ii) Synthesis of fluorinated cyclic b-amino acid derivatives
by using fluorine-containing building elements
(a) Synthesis of fluorine-containing cyclic b-amino acids
via oxidative ring opening/ring closing with reductive
amination
(b) Synthesis of fluorine-containing cyclic b-amino acids
through ring-closing metathesis
2. Synthesis of Fluorine-Containing b-Amino Acid
Derivatives through
Hydroxy-Fluorine/Oxo-Difluorine Interconversion
The late-stage fluorination techniques are summarized with
emphasis on regio- and stereoselective routes, in view of
Figure 1. Some relevant small cyclic b-amino acids.
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stereocontrol and substrate control.[2f,j–k] The synthetic
approaches discussed here focus mainly on the functionaliza-
tion of the ring carbon–carbon double bond of some readily
available unsaturated bicyclic b-lactams or unsaturated b-
amino acids. The methods applied involve regio- and stereo-
selective iodolactonization, regio- and stereoselective iodoox-
azine formation, stereoselective epoxidation and selective
oxirane opening as well as stereoselective aziridination and
selective aziridine opening. The fluorination protocols are
based on stereo- and regioselective hydroxylation of unsatu-
rated cyclic b-amino acids followed by hydroxy-fluorine or
oxo-difluorine interconversion.
The hydroxy and keto function are valuable functional
groups serving as precursors for the creation of CF or CF2
moieties. Direct fluorination can be used as a common
methodology for the introduction of one or two fluorine
atoms into the skeleton of an organic molecule. Specifically,
hydroxylated or oxo-functionalized derivatives can be reacted
with organic nucleophilic fluorinating agents to deliver
fluorine-containing products (Figure 2 and Figure 3).[2f–i],[5]
Regarding the synthesis of fluorinated cyclic b-amino acid
derivatives, fluorination reactions are based on regio- and
stereoselective hydroxylation of unsaturated cyclic b-amino
acids followed by hydroxy-fluorine or oxo-difluorine ex-
change with the use of various commercially available
reagents such as DAST, Deoxofluor, XtalFluor etc. (see
Figure 3), among these the earliest described DAST being a
thermally unstable liquid, Deoxofluor in general a 50 %
toluene solution THF or toluene, stable at higher temper-
atures, while XtalFluor-E, XtalFluor-M and Fluolead are
rather stable solid compounds.[5]
2.1. Synthesis of Fluorine-Containing Cyclic b-Amino
Acid Derivatives through Regio- and Stereoselective
Iodolactonization
A strategy for the selective fluorination of cyclic b-amino acid
derivatives was based on hydroxylation using a regio- and
stereoselective iodolactonization procedure. The hydroxyla-
tion process started from unsaturated bicyclic b-lactams. The
key step of the transformation was cyclization through regio-
and stereoselective iodolactonization of the olefinic bond
induced by an electrophile followed by hydroxylation.
Hydroxy-fluorine exchange in the final step gave monofluori-
nated products. Difluorinated substances were synthesized by
iodolactonization, lactone opening, oxidation and, finally,
carbonyl-difluorine interconversion.[6]
Iodolactonization of racemic cyclohexene b-amino acid
()-2 derived from bicyclic b-lactam ()-1, performed with
KI/I2, afforded the corresponding iodolactone ()-3 via
regio- and stereoselective intramolecular cyclization. The
latter then underwent base-mediated HI elimination to yield
unsaturated lactone ()-4. Lactone ring opening of ()-4
with NaOEt at 0 8C gave all-cis hydroxylated amino ester
()-5 with the hydroxy group attached to the C-3 carbon of
the cycloalkene ring. The same reaction carried out at 20 8C,
in turn, provided the corresponding C-1 epimer ()-6
through isomerization (Scheme 1).[6]
Other novel hydroxylated cyclohexene b-amino ester
isomers were prepared from cis- or trans-2-aminocyclohex-4-
enecarboxylic acids ()-7 and ()-10. Iodolactonization of
cis-amino acid ()-7 followed by HI elimination and lactone
opening with NaOEt, at 0 8C or 20 8C, gave hydroxylated
cyclohexene amino ester isomers ()-8 and ()-9 with the
hydroxy group located in position at C-5 on the carbocycle.
Analogously, trans-amino acid ()-10 with similar iodolacto-
nization procedure afforded hydroxylated b-amino ester
isomer ()-11 (Scheme 2).[7]
A number of synthetized cyclohexene b-amino esters with
the hydroxy group in various positions on the cyclohexane
framework were suitable precursors for fluorinations. An
example is depicted on Scheme 3. Hydroxylated amino ester
()-12 in reaction with DAST furnished the corresponding
fluorinated amino ester ()-13 with an SN2 mechanism with
configurational inversion. Interestingly, hydroxylated amino
ester ()-6 gave the same fluorine-containing amino ester
Figure 2. Hydroxy-fluorine and oxo-fluorine interconversion.
Figure 3. Some commercially available nucleophilic fluorinating reagents.
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Scheme 1. Synthesis of 3-hydroxylated b-amino ester stereoisomers.
Scheme 2. Synthesis of 5-hydroxylated cyclohexene b-amino esters.
Scheme 3. Synthesis of fluorinated b-amino ester ()-13.
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()-13. It is formed in an SN2’ process, when the fluoride
axial attack takes place at the sp2 C-5 carbon with
simultaneous displacement of the hydroxy function
(Scheme 3).[6,7]
Applying a similar synthetic strategy, starting from cyclo-
hexene b-amino acid regio- and stereoisomers, a series of
other fluorinated regio- and stereoisomeric cyclohexene or
cylohexane b-amino acid derivatives were prepared from the
corresponding hydroxylated b-amino acid stereoisomers (Fig-
ure 4).[6,7]
The synthetic method, based on hydroxylation through
iodolactonization followed by hydroxy-fluorine exchange, was
also applicable for the preparation of enantiomerically pure
fluorinated b-amino acid derivatives. An example is presented
on Scheme 4. Enzymatic lactam ring opening of racemic
lactam ()-1 with Candida antarctica lipase gave b-amino
acid enantiomer (+)-22 and unreacted enantiomerically pure
b-lactam ()-1. b-Amino acid enantiomer (+)-22 was next
converted to enantiomerically pure 3-hydroxylated b-amino
ester (+)-6 by the procedures presented above, involving
iodolactonization and lactam ring opening. Next, applying
the fluorination procedure, analogous to the racemic sub-
stances, compound (+)-6 was transformed into enantiomeri-
cally pure fluorinated b-amino ester (+)-13 with a cyclo-
hexene framework or to cyclohexane amino ester ()-24 by
ring double bond reduction followed by fluorination
(Scheme 4).[6]
The hydroxylation protocol based on iodolactonization
worked not only for monofluorinated cyclic b-amino acids
starting from the corresponding hydroxylated derivatives, but
could also be successfully applied for the synthesis of
difluorinated derivatives.[6,7]
Thus, 3-hydroxylated cis and trans amino esters ()-25
and ()-26 were first oxidized furnishing the corresponding
oxo derivatives ()-27 and ()-29. These b-amino keto
esters on treatment with Deoxofluor in the presence of a drop
of EtOH resulted in the corresponding geminal difluorinated
six-membered cis- or trans amino esters ()-28 and ()-30
(Scheme 5).[6] 5-Hydroxylated b-amino ester stereoisomers
()-31 and ()-32 were analogously transformed, via the
Figure 4. Fluorine-containing six-membered b-amino acid derivatives.
Scheme 4. Synthesis of fluorinated b-amino ester enantiomers (+)-13 and ()-24.
P e r s o n a l A c c o u n t T H E C H E M I C A L R E C O R D
Chem. Rec. 2018, 18, 266–281 © 2018 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Wiley Online Library 270
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
corresponding oxo derivatives, to 5,5-difluorinated amino-
cyclohexanecarboxylate stereoisomers ()-33 and ()-34
(Scheme 6).[7]
2.2. Synthesis of Fluorine-Containing Cyclic b-Amino
Acid Derivatives through Regio- and Stereoselective
Iodooxazine or Iodooxazoline Formation
Another synthetic approach for the selective fluorination of
cyclic b-amino acid derivatives was based on hydroxylation
with regio- and stereoselective iodooxazine or iodooxazoline
formation procedures. The synthesis started from unsaturated
bicyclic b-lactams and the key steps involved the trans-
formation of the ring olefinic bond through regio- and
stereoselective iodooxazination and hydroxylation. Finally, the
hydroxy-fluorine exchange gave the monofluorinated prod-
ucts. Iodooxazination, hydroxylation, oxidation followed by
carbonyl-difluorine interconversion, in turn, led to difluori-
nated substances.
Racemic cyclopentene cis-b-amino ester ()-36 (derived
from b-lactam ()-35) on treatment with a KI/I2 mixture,
involving an electrophile-induced cyclization, gave iodooxazo-
linone ()-37 in a regio- and stereoselective manner.
Reductive removal of iodine with tributyltin hydride on Boc-
protected derivative ()-38 afforded compound ()-39,
which upon treatment with NaOEt at 0 8C led by heteroring
opening to all-cis cyclopentane b-amino ester ()-40,
hydroxylated at C-3. Next, hydroxylated amino ester ()-40
thus prepared was submitted to fluorination with Deoxofluor
affording fluorinated cyclopentane b-amino ester ()-41 by
inversion of configuration. The byproduct unsaturated
pentacyclic amino ester 42 was separated and isolated by
chromatography (Scheme 7).[8]
Similar to cis-amino ester ()-36, trans isomer ()-43
was subjected to iodooxazolination. The resulting iodinated
ester derivative ()-44, after N-Boc protection and reductive
deiodination followed by oxazolinone opening with NaOEt,
gave hydroxylated amino ester ()-47. In continuation,
reaction of ()-47 with Deoxofluor afforded novel fluori-
nated cyclopentane b-amino ester stereoisomer ()-48 and
unsaturated b-amino ester side product 42 (Scheme 8).[8]
The iodooxazoline formation procedure allowed the
preparation of difluorinated cyclopentane b-amino acid
derivatives as well. Accordingly, all-cis 3-hydroxylated ethyl
cyclopentanecarboxylate ()-40 was oxidized with pyridi-
nium chlorochromate (PCC) yielding oxo amino ester ()-
49 by isomerization at C-2 (Scheme 9). It was also obtained
from trans amino ester ()-47 by a similar oxidation. The
formation of ()-49 from ()-40 might be the result of the
isomerization of keto ester ()-51 by a deprotonation/
reprotonation process with the involvement of the C-2 active
hydrogen. The reaction of keto ester ()-49 with Deoxofluor
gave the corresponding difluorinated derivative ()-50
(Scheme 9).[8]
The synthesis of difluorinated cyclopentane b-amino ester
()-50 in enantiomerically enriched form was also achieved
(Scheme 10). Racemic b-lactam ()-35 was submitted to
enzyme-catalyzed lactam ring opening with Candida antarcti-
ca lipase affording enantiomerically pure amino acid (+)-51
and the optically enriched b-lactam ()-35. The latter was
then transformed according to the above synthetic sequences
to enantiomerically pure cis and trans cyclopentene b-amino
ester stereoisomers ()-36 and ()-43. Next, both products
were converted according to the hydroxylation procedures via
Scheme 5. Synthesis of difluorinated b-amino ester stereoisomers ()-28 and ()-30.
Scheme 6. Synthesis of 5,5-difluorinated b-amino ester stereoisomers ()-33
and ()-34.
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iodine-induced cyclization through the 3-hydroxylated amino
esters (+)-40 and ()-47 to the corresponding keto amino
ester enantiomers (+)-49 and ()-49. Finally, their fluorina-
tion afforded, respectively, dextrorotatory and levorotatory
Scheme 7. Synthesis of fluorinated cyclopentane b-amino ester ()-41.
Scheme 8. Synthesis of fluorinated cyclopentane b-amino ester ()-48.
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Scheme 9. Synthesis of difluorinated cyclopentane b-amino ester ()-50.
Scheme 10. Synthesis of difluorinated cyclopentane b-amino ester enantiomers (+)-50 and ()-50.
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difluorinated amino esters (+)-50 and ()-50
(Scheme 10).[8]
The synthetic method towards monofluorinated and
difluorinated b-amino esters involving hydroxylation via
iodine-induced cyclization through iodooxazine formation
was efficiently extended to the synthesis of six-membered
analogs ()-52, ()-53, ()-54 and ()-55 (Figure 5).[9]
2.3. Synthesis of Fluorine-Containing Cyclic b-Amino
Acid Derivatives through Stereoselective Epoxidation and
Regioselective Oxirane Opening
A highly useful approach to the stereoselective synthesis of
fluorine-containing highly-functionalized b-amino acid deriv-
atives is based on the stereoselective epoxidation of cyclo-
alkene b-amino esters derived from unsaturated b-lactams,
followed by regioselective oxirane opening and hydroxy-
fluorine exchange.
Epoxidation of the olefinic bond of racemic cis-amino
esters ()-36 (derived from bicyclic lactam ()-35) with m-
chloroperbenzoic acid (MCPBA) took place cis-selectively.
This results from the hydrogen bonding directing effect of
the carbamate function giving all-cis epoxy amino esters ()-
56.[10a] Next, this product was subjected to an oxirane ring
opening reaction with various nucleophiles. Thus, the
corresponding azido- and cyano-substituted derivatives ()-
57 and ()-59 were formed by regioselective oxirane opening
with the attack of the nucleophile at C-4. While fluorination
of ()-57 resulted in the formation of the expected fluorine-
containing amino ester ()-58 by configurational inversion,
compound ()-59 led only to elimination product ()-60
(Scheme 11).[10b]
The methodology based on stereoselective epoxidation
and subsequent regioselective oxirane opening followed by
fluorination was efficiently extended to the synthesis of six-
membered analogs. Epoxidation of racemic cyclohexene b-
amino esters ()-62 (derived from b-lactam ()-61) afforded
the corresponding all-cis epoxy amino ester ()-63 via a cis-
selective process. This was induced by the directing effect of
the carbamate. Azidolysis of ()-63 occurred regioselectively
and furnished compound ()-64 with the azido group in
position 5 (Scheme 12).[10c]
The favored diaxial conformations involved in oxirane
opening account for the regioselectivity of this reaction. The
attack of the azide ion to the C-5 atom of the oxirane ring
leads to the favored chair diaxial conformation with the
hydroxy and azide functions located in axial positions. This
process affords the 4-hydroxylated amino ester. The azide ion
attack to the oxirane ring at C-4 would generate an unfavored
twisted chair conformation with the azide and hydroxylic
group in diaxial orientations. Therefore, the 5-hydroxylated
amino ester did not form (Scheme 13).[10c]
Fluorination of ()-64 gave fluorinated derivative ()-65
through hydroxy-fluorine exchange by configurational inver-
sion (Scheme 12).[10b]
Figure 5. Synthesis of mono- and difluorinated cyclopentane b-amino esters.
Scheme 11. Fluorination of azido- and nitrile-substituted cyclopentane b-amino esters (()-57 and ()-59).
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Starting from racemic bicyclic b-lactam ()-1, a re-
gioisomer of lactam ()-61, the functionalization strategy
based on diastereoselective epoxidation followed by regiose-
lective oxirane opening was further applied for the synthesis
of a series of other novel six-membered, highly-functionalized
alicyclic amino esters ()-67, ()-68 and ()-69. The
selectivity of the epoxidation was explained through the
hydrogen bonding directing effect of the carbamate function,
while the oxirane opening with azide provided a mixture of
regioisomers (()-67 and ()-68) in nearly 1:1 ratio.
Fluorination of ()-67 delivered fluorinated derivative
()-70 through hydroxy-fluorine exchange by inversion.
Nitrile derivative ()-69, in contrast, similar to the five
membered analog, provided elimination product ()-72.
Somewhat surprisingly, azido amino ester isomer ()-68,
under fluorination conditions, led to highly unsaturated
amino ester 71 (Scheme 14) rather than the desired fluori-
nated compound.[10b]
The functionalization technique using the diastereoselec-
tive epoxidation strategy was efficiently applied for the
preparation of novel fluorinated b-amino acid derivatives via
the corresponding hydroxylated products. Epoxidation of the
ring olefinic bond in ()-62 due to the hydrogen bonding
directing effect of the NHBoc afforded all-cis epoxyamino
ester ()-63. all-cis Epoxyaminocyclohexanecarboxylate ()-
63 underwent regioselective oxirane opening in the presence
of NaBH4 and gave all-cis 4-hydroxylated b-amino ester ()-
73.[11] The regioselectivity of the oxirane opening in ()-63,
again, may be explained on the basis of the favored diaxial
chair conformation as discussed above. Hydroxylated amino
ester ()-73 in reaction with Deoxofluor afforded the
corresponding fluorinated cyclohexane amino ester ()-74
(Scheme 15).[9] Noteworthy, compound ()-74 was also
synthetized on an alternative route through the iodooxazina-
tion methodology.
2.4. Synthesis of Fluorine-Containing Cyclic b-Amino
Acid Derivatives through Stereoselective Aziridination and
Regioselective Aziridine Opening with Fluoride
An efficient functionalization approach was based on stereo-
selective aziridination and regioselective aziridine opening
strategy with fluoride. The synthesis, again, started from
various readily available unsaturated bicyclic b-lactams and
involved a ring olefinic bond transformation.
Scheme 12. Fluorination of azido-substituted cyclohexane b-amino ester ()-64.
Scheme 13. Mechanistic interpretation of oxirane opening of epoxy b-amino ester ()-63.
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Aziridination of racemic cyclopentene b-amino ester ()-
36 with chloramine-T in the presence of phenyltrimethylam-
monium tribromide (PTAB) proceeded cis-stereoselectively
due to steric reasons affording aziridino ester ()-75.[12a] In
the next step, compound ()-75 was subjected to ring
opening with fluoride with various fluorinating reagents. The
reaction with Deoxofluor and DAST proved to be unsuccess-
ful however, in the presence of XtalFluorE in refluxing
dioxane, ring opening occurred in 10 min. However, some-
what surprisingly, the isolated fluorine-containing product
was identified as imidazolone-type derivative ()-76 (Sche-
me 16).[12b]
The formation of ()-76 can relatively be easily
explained. The sulfonamide moiety of the activated aziridine
interacting with the fluorinating agent generates the nucleo-
philic fluoride ion. In the next step, it induces the opening of
the aziridine ring, which is followed by intramolecular
nucleophilic acyl substitution and bond reorganizations to
give fluorine-containing imidazolone ()-76 (Sche-
me 17).[12b]
Scheme 14. Fluorination of b-amino ester ()-67, ()-68 and ()-69.
Scheme 15. Fluorination of hydroxy-substituted cyclohexane b-amino ester ()-73.
Scheme 16. Synthesis of fluorinated ester ()-76.
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The above synthetic protocol was easily and efficiently
applied to synthesize other fluorine-containing bicyclic
imidazolone or dihydropyrimidinone type products by trans-
forming different unsaturated bicyclic b- or g-lactams (Fig-
ure 6).[12b]
Noteworthy, the fluoride opening of an aziridine ring
with XtalFluor could be effectively further generalized. Thus,
some cyclic unsaturated compounds, after diastereoselective
aziridination through their ring CC double bond, furnished
the expected fluorine-containing products in good yields,
when subjected to fluoride opening.[12b]
3. Synthesis of Fluorinated Cyclic b-Amino Acid
Derivatives by Using Fluorine-Containing
Building Elements
Beside the late-stage fluorination protocol, another synthetic
concept for the preparation of fluorinated organic substances
is based on the application of various fluorinated building
blocks.[13] Several strategies involving this approach for the
access of fluorine-containing cyclic b-amino acids are
summarized in the following subchapter.
3.1. Synthesis of Fuorine-Containing Cyclic b-Amino
Acids via Oxidative Ring Opening/Ring Closing with
Reductive Amination
Cyclohexene b-amino acids proved to be useful staring
materials for the creation of fluorine-containing functional-
ized N-heterocycles. For this purpose, fluorinated amines as
fluorine-containing building blocks were used.
Dihydroxylated cyclohexane b-amino ester ()-84, de-
rived from amino acids ()-83, led to unstable diformyl
intermediate I-1 by ring cleavage with NaIO4. Treatment of
the latter with trifluorethylamine and NaCNBH3 provided
the corresponding bicyclic azepane b-amino ester ()-85 via
cyclization with reductive amination. The transformation
based on oxidative ring cleavage, followed by ring closure
through reductive amination, is a stereocontrolled process.
The configuration of the stereogenic centers in product ()-
85 is predetermined by the structure of starting material ()-
84 (Scheme 18).[14]
The stereocontrolled protocol could be further extended
for the synthesis of other b-amino esters with an azepane
Scheme 17. Synthetic route to fluorinated ester ()-76.
Figure 6. Some fluorine-containing derivatives synthetized through aziridine
opening with fluoride.
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framework containing a trifluoromethyl group. Diol ()-87
(derived from cis-cyclohexene b-amino acid ()-86) when
subjected to oxidative ring opening with NaIO4 gave unstable
linear dialdehyde I-2. This was further converted without
isolation in a reaction with trifluoroethylamine and
NaCNBH3 giving fluorine-containing azepane b-amino ester
()-88 with the amino and ester group in a cis relationship
(Scheme 19).[14]
Following similar pathways, trans cyclohexene b-amino
esters afforded the corresponding fluorine-containing azepane
trans amino esters ()-89 and ()-90, while ()-91 and
()-92 were accessed from diexo- or diendo b-amino acids
(Figure 7).[14] Again, the reaction protocol proceeded with
stereocontrol with the relative stereochemistry of the ester and
amine moieties being predetermined by the structure of the
starting material.
The method based on ring closing by reductive amination
of dialdehyde derivatives allowed access to fluorine-containing
piperidine derivatives. After oxidative cleavage, diol b-amino
acid ()-93 yielded the corresponding linear dialdehyde I-3.
Scheme 18. Synthesis of fluorine-containing azepane b-amino ester ()-85.
Scheme 19. Synthesis of fluorine-containing azepane b-amino ester ()-88.
Figure 7. Fluorine-containing azepane b-amino esters ()-89, ()-90, ()-91 and ()-92.
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This unstable product was immediately used further by a
treatement with trifluoroethylamine and NaCNBH3 to yield
the corresponding cis piperdine b-amino esters ()-94 and
()-95. The methodology based on oxidative ring opening
and reductive ring closure was further extended to access
novel fluorinated piperidines. Dialdehyde I-4 derived from
amino ester ()-93 furnished the corresponding mono- or
difluorinated piperidine b-amino esters ()-96 and ()-97
in relatively good yields when treated with either fluoroethyl-
amine or difluoroethylamine and NaCNBH3 (Scheme 20).
[14]
3.2. Synthesis of Fluorine-Containing Cyclic b-Amino
Acids through Ring-Closing Metathesis
Various difluorinated olefin building blocks were used as
readily available starting materials for the construction of
cyclic b-amino acid derivatives.
Thus, selective synthetic procedures for fluorine-contain-
ing cyclopentane, cyclohexane and cycloheptane b-amino
acids were developed when these types of derivatives were
subjected to ring-closing metathesis.[4c,15] Difluorinated b-
amino acid derivatives were synthetized by the ring-closing
metathesis of adduct ()-99 formed in the reaction of
fluorinated imidoyl chlorides ()-98 and unsaturated esters,
to give the corresponding difluorinated cis-b-aminocyclohep-
tenecarboxylate ()-101 after reduction with NaCNBH3
(Scheme 21).[4c]
An alternative method, which starts from similar difluori-
nated olefins involving cross-metathesis reaction, was de-
scribed for the access of cyclic fluorinated b-amino acid
derivatives. First, cross-metathesis of difluorinated imidoyl
chlorides ()-102 or ()-103 and acrylic esters ()-104 was
carried out. Subsequent catalytic hydrogenation, followed by
ring closing of the resulting imino esters ()-107 and ()-
108, provided the corresponding difluorinated cyclic ethyl
cis-b-aminocarboxylates ()-111 and ()-112 (Sche-
me 22).[15a–b]
4. Summary and Outlook
In conclusion, the current account was devoted to present
synthetic methods for the access of varied, highly-functional-
ized monofluorinated and difluorinated amino ester regio-
and stereoisomers. Major features of these polysubstituted
Scheme 20. Synthesis of fluorine-containing piperidine b-amino esters ()-94, ()-95, ()-96 and ()-97.
Scheme 21. Synthesis of fluorine-containing cycloheptane b-amino ester ()-
101.
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building blocks are multiple chiral centers and high chemical
diversity. The fluorinated cyclic b-amino acid derivatives have
been prepared from readily available unsaturated cyclic b-
amino acid by using different stereo- and regioselective as
well as stereocontrolled synthetic methodologies. These
protocols were summarized with emphasis on late-stage direct
fluorination and the application of various fluorinated
building blocks. The synthetic techniques and strategies
summarized herein are expected to be of general interest for
the preparation of various other valuable highly-functional-
ized derivatives. These fluorinated molecular entities might
have high biological potential. They may also function as
building blocks for the synthesis of novel peptides and may
be considered interesting scaffolds for further pharmaceutical
research.
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